A combined cycle that combines AWM cycle with a nuclear closed Brayton cycle is proposed to recover the waste heat rejected from the precooler of a nuclear closed Brayton cycle in this paper. The detailed thermodynamic and economic analyses are carried out for the combined cycle. The effects of several important parameters, such as the absorber pressure, the turbine inlet pressure, the turbine inlet temperature, the ammonia mass fraction, and the ambient temperature, are investigated. The combined cycle performance is also optimized based on a multiobjective function. Compared with the closed Brayton cycle, the optimized power output and overall efficiency of the combined cycle are higher by 2.41% and 2.43%, respectively. The optimized LEC of the combined cycle is 0.73% lower than that of the closed Brayton cycle.
Introduction
With the development of the world economy, the total energy consumption increases steadily. The consumption of the energy, especially fossil energy resources, causes and accelerates the occurrence of many environmental problems. Nuclear energy is an efficient energy source that plays an important role in current energy demand. Because of its inherent safety, the high temperature gas-cooled reactor (HTGR) has attracted many attentions of the researchers. To ensure the high efficiency of nuclear power plant, reasonable thermodynamic cycle should be used. Despite the higher efficiency of HTGR, a large amount of waste heat is discharged from the precooler of the nuclear closed Brayton cycle. Thus, research topics focus on recovery and utilization of this low grade thermal energy.
At present, the waste heat of the closed Brayton cycle can be recovered by several ways, as follows: desalination, Organic Rankine Cycle (ORC), Kalina cycle, and ammoniawater combined power/cooling cycle. Soroureddin et al. [1] proposed the utilization of this waste heat for power production by using ORC. Dardour et al. [2] proposed and analyzed the utilization of waste heat from GT-MHR and PBMR reactors for nuclear desalination of sea water. Since Kalina [3] introduced the Kalina cycle with the ammoniawater mixture as the working fluid, at least 30 new cycles based on the Kalina cycle have been presented. Goswami [4] also put forward a combined power/cooling cogeneration cycle with ammonia-water mixture as working fluid. For a turbine inlet temperature and pressure of 410 K and 30 bar, the first law efficiency is 23.54%; such value is much better than ORC or Kalina cycle [5] . Padilla et al. [6] and Lu and Goswami [7] modified the combined power/cooling cogeneration cycle and studied the effect of key parameters on cycle performance. Pouraghaie et al. [8] revealed that the efficiency of the combined power/cooling cogeneration cycle is much higher than that of a conventional steam Rankine cycle. Demirkaya et al. [9] also found that the combined power/cooling cogeneration cycle has a promising prospect for effective utilization of waste heat because of the reasonably good matching between the temperature profiles of helium and ammonia-water mixture in the boiler.
Meanwhile, many investigations focused on the design and optimization of waste heat recovery system. Some studies optimized the system according to the net power output, cooling output, first law efficiency, and second law efficiency [8] [9] [10] . Shengjun et al. [11] used five indicators: thermal efficiency, exergy efficiency, recovery efficiency, and so on, to optimize the subcritical ORC system and transcritical cycle. Guo et al. [12] used the net power output per unit mass flow rate of hot source, ratio of total heat transfer area to net power output, and electricity production cost to screen working fluids. Coskun et al. [13] proposed four cycles to utilize the geothermal energy and selected one cycle to optimize for the turbine inlet pressure that would generate maximum power output, energy, and exergy efficiencies. Zare et al. [14] carried out an exergoeconomic analysis for a combined GT-MHR/Kalina cycle and compared the performance with the Gas Turbine-Modular Helium Reactor (GT-MHR) plant. Bahlouli et al. [15] perform a parametric study and multiobjective optimization for a bottoming cycle of a trigeneration system with HCCI engine as prime mover. Feng et al. [16] conducted a sensitivity analysis for low temperature ORCs (Organic Rankine Cycles), as well as the thermos-economic comparison between the basic ORC and regenerative ORC. According to the studies proposed in the public literatures, few investigations focused on the system economic analysis of the combined cycle, especially the evaluation of the levelized energy cost (LEC). In this paper, a combined cycle, in which a power/cooling cogeneration cycle is integrated into the nuclear closed Brayton cycle, is proposed to recover and utilize the waste heat rejected from the precooler of the closed Brayton cycle. Based on a detailed parametric analysis, a multiobjective function ( ), integrating the overall efficiency and the system cost, is used to optimize the thermodynamic and the economic performances of the combined cycle. So the main contributions of the paper are the combined system analysis and multiobjective optimization according to several important parameters.
System Description and Assumptions
A schematic diagram of the proposed combined cycle is shown in Figure 1 . The nuclear core of HTGR is the heat source of the closed Brayton cycle. High pressure helium, as the coolant and the working fluid [2] , is heated in the reactor and then enters the gas turbine (state 1) for expansion to convert thermal energy into shaft power, thereby driving the compressors and the electric generator on a single shaft. Since the temperature of the exhaust gas from the turbine (state 2) is still high, a recuperator is equipped to utilize the energy of the exhaust gas from the gas turbine, in which the cold helium from the compressor (state 6) is preheated by the turbine exhaust gas. Then, the exhaust gas flows through the precooler to be cooled (state 5). The cooled helium has low pressure and low temperature after the precooler (state 5) and is compressed by the compressor (state 6). Helium with high pressure and low temperature enters the other side of the recuperator mentioned above to be preheated (state 7) before finally flowing into the reactor core to be heated again to repeat the thermodynamic cycle. , , , , and , represent the isentropic efficiency of the turbine, the compressor, and the pump, respectively.
The helium flowing out from the gas turbine flows into the hot side of the recuperator where the helium is cooled to about 400 K. To reduce the compressor power consumption, the helium should be cooled to about 300 K before flowing into the compressor. Thus, the ammonia-water power/cooling cycle (AWM), proposed by Goswami [17] in 2000, is coupled into this closed Brayton cycle to utilize the waste heat rejected from the precooler. In this situation, the helium flowing out from the hot side of the recuperator enters a boiler before entering the precooler. The heat released by the helium passing through the boiler is the heat resource of the AWM cycle. Then, a part of the HTGR waste heat is recovered for the AWM cycle to produce power. The AWM cycle uses high concentration of ammonia as the working fluid, which can be expanded to a very low temperature in the turbine. The very low temperature ammonia-water mixture provides refrigeration. The net effects are the production of both power and refrigeration.
An ammonia-water mixture (state 8) is pumped to a high pressure (state 9) and heated to boil off ammonia (state 12). The vapor is enriched in ammonia by condensing a part of the vapor in a rectifier (state 14). The condensate is richer in water and returned to the boiler (state 13). The ammonia vapor, which is almost pure ammonia, can be expanded in a turbine to exit at a very low temperature (state 15). After expansion in the turbine to generate power, low temperature ammonia first provides cooling capacity in the cooler (state 16) and is absorbed by low concentration solution from the boiler in an absorber, to form the basic ammonia-water liquid solution to complete the cycle (state 8) [17] .
The following assumptions are used in this work:
(1) The system operates in a steady state condition.
(2) Changes in kinetic and potential energies are neglected.
(3) The pressure loss due to the frictional effects is neglected.
(4) The turbine and the pump in the combined cycle have isentropic efficiencies [15] . (5) The ammonia-water solution leaving the absorber (state 8) is a saturated liquid at low pressure.
System Modeling

Thermodynamic Modeling.
A MATLAB code has been developed to carry out the numerical simulations for this combined cycle. The thermodynamic properties of the states in the closed Brayton cycle are evaluated by REFPROP 9.0. The thermodynamic properties of the states of the bottom cycle (AWM cycle) are evaluated by the method proposed by Xu and Goswami [18] . For thermodynamic analysis, the principles of mass and energy conservations as well as the second law of thermodynamics are applied to each component.
To simplify the calculation, just one operation condition of the closed Brayton cycle is selected according to the literature [19] , and the parameters are listed in Table 5 .
The energy relations for the equipment of combined cycle are listed in Table 1 .
For the combined cycle, the net power output can be defined as follows:
The overall efficiency of the combined cycle is defined as follows:
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where cop is the coefficient of performance and set as 4 [20] .
Verification of Ammonia-Water Thermodynamic Properties.
To verify the developed thermodynamic models for AWM cycle, the available data in the literature are used. The comparisons between the simulation results and those reported in the published literature are presented in Table 2 . For AWM cycle, the data in Table 2 indicate a very good agreement between simulation results of this paper and those in published literature [17] , and the maximum deviation is only 2.5%.
Economic Modeling.
To evaluate the thermoeconomic performance of the combined cycle, levelized energy cost (LEC) is analyzed in this paper. Because the aim of this paper is to evaluate the effect of AWM cycle on the thermodynamic and economic performances of the combined cycle, the HTGR plant (closed Brayton cycle) specific cost is assumed to be 1073$/kW [21] . A cost of 8$/MWh is assumed for nuclear fuel [22] . Then, the capital investment of AWM cycle is calculated. According to the literature [23] , the heat exchangers, pump, and turbine contribute largely to the total cost. We assume that all of the heat exchangers in AWM system are shell-andtube heat exchanger [24, 25] .
The heat exchanger area can be expressed as follows:
where represents the heat exchanger heat load; stands for the overall heat transfer coefficient; and Δ is the logarithmic mean temperature difference. The heat transfer coefficients of some heat exchangers in AWM cycle are shown in Table 3 . The overall heat transfer coefficient of the boiler can be calculated as follows [26] :
where ℎ He is the heat transfer coefficient of the helium; ℎ aw is the ammonia-water heat transfer coefficient and is 2000 W/(m 2 K) [27] according to the characteristic of the cycle; is the thickness of the heat exchanger tube; is the heat conductivity of the tube; is the heat resistance of the tube.
The heat transfer coefficient of the helium in the shell is calculated by the following equations: 
For the above equations, Re and Pr are Reynolds number and Prandtl number, respectively. and are the temperatures of the shell and tube, respectively. is the thermal conductivity coefficient.
is the diameter or equivalent hydraulic diameter of the heat exchanger. is the length of the tube. 
The capital costs of the AWM system consist of the heat exchanger, pump, and turbine costs and are expressed as follows [26, 28] :
where is the estimated component cost based on US dollars in the year of 1996. is a parameter related to cycle components. For the heat exchanger, refers to the area of heat exchanger, . For the pump, means the power consumption in pump, . For the turbine, represents the power output, out . The coefficients of 1 , 2 , and 3 are listed in Table 4 .
The capital cost , which is corrected according to the component materials and the pressure, is determined by (8), as follows:
where the coefficient is 3.5 for the turbine and the coefficients for other components are calculated by (9) [29] as follows:
where 1 and 2 are the coefficients of different types of the components and is the correction coefficient for the component materials. The values of 1 , 2 , and are presented in Table 4 .
represents the pressure correction coefficient and is calculated by
The coefficients of 1 , 2 , and 3 are also shown in Table 4 .
Thus, the cost of the AWM system in the year 1996 AWM,1996 can be evaluated as follows:
According to the time value of money, the cost of closed Brayton system in the year of 2006 and the AWM system in the year of 1996 are converted into the capital costs in the year of 2015, respectively, and the total cost of the combined cycle ( 2015 ) is their sum, as follows: [30] . The capital recovery factor (CRF) is defined as follows:
In this equation, is the discount rate and is 5% with inflation rate zero [21] . The economic life of the combined system ( ) is 40 years. For each year, the operation hour of the system is calculated as follows:
In the combined system, the levelized energy cost (LEC) can be calculated by (14) . One has
where COM is the system operation and maintenance cost and is 1.5% of 2015 . The load factor is taken as 0.75 [31].
Optimization Model.
A simple thermodynamic optimization or economical optimization might draw different results, because it is difficult to ensure a global costeffective cycle design. Thus, the optimizations on both the thermodynamics and economics are simultaneously needed in the assessment of the combined cycle. Regarding this, overall efficiency overall,Combinedcycle and levelized energy cost (LEC) are selected to build a multiobjective function as the performance indicator in this paper. The multiobjective optimization model is constructed as follows. The first objective function 1 ( ) is expressed by the following: The second objective function 2 ( ) is expressed by the following:
The first objective function 1 ( ) represents system thermodynamic property, and the second objective function 2 ( ) is the thermoeconomic property.
In this paper, the method of linear weighted evaluation function is adopted to solve the objective function optimization model [28] , which contains more than two performance indicators. The multiobjective function ( ) is given by the following:
where and are the weight coefficients of objective function and a method proposed by P1aSAkK5 is applied to solve these two weight coefficients [32] :
Results and Discussion
Effect of Absorber Pressure.
The absorber pressure is the outlet pressure of ammonia-water turbine. If the absorber pressure is high, the working fluid cannot expand fully in the turbine, and both the power output and overall efficiency decrease in turn (Figures 2 and 3 ). Figure 4 shows that LEC increases with increasing absorber pressure. The reason is that the higher absorber pressure leads to less power output, which causes the increase in LEC. However, if absorber pressure is far less than 3.5 bar, the working fluid at the outlet of the absorber will change into vapor-liquid mixture. This increases the pump power consumption greatly. The relationships of ( ) with the absorber pressure are demonstrated in Figure 5 . ( ) increases monotonically with increasing absorber pressure. Because the lowest ( ) means the best performance, the lower absorber pressure is beneficial for the thermodynamic and economic performances.
Science and Technology of Nuclear Installations Figures 6 and  7 , the variations of the power output and overall efficiency with the turbine inlet pressure are presented. The enthalpy drop across the turbine increases as the turbine inlet pressure increases. However, the enthalpy gains because of increasing turbine inlet pressure cannot compensate for the drop in the vapor flow rate. Thus, the turbine work output decreases. Owing to the decrease of vapor flow rate, both the cooling capacity and the equivalent work of cooling capacity ( cool ) increase first and then decrease. However, the equivalent work of cooling capacity is too little compared with the power output of the combined cycle. Hence, the power output and overall efficiency decrease with the increasing turbine inlet temperature. As shown in Figure 8 , LEC decreases at first and then increases with increasing turbine inlet pressure. When the ammonia mass fraction is 0.555, LEC reaches the minimum of 0.0712 USD/(kWh) with the turbine inlet pressure of 30.5 bar. Figure 9 shows that ( ) decreases first and increases with the increasing turbine inlet pressure when the ammonia mass fraction is 0.53 or 0.555. Thus, an optimal turbine inlet pressure is present, and the optimal turbine inlet pressure value is changing with the ammonia mass fraction. Figure 10 shows that the power output increases with increasing turbine inlet temperature. With fixed pressure ratio, increase in inlet temperature leads to higher inlet enthalpy of working fluid. The exit enthalpy of working fluid also increases at the same time because of high exit temperature. But the increase in enthalpy caused by the increase in inlet temperature is more than that because of the increase in exit temperature. Hence, the turbine work output rises up as the turbine inlet temperature increases. Because the increasing turbine inlet temperature increases cooler inlet temperature, the equivalent work of cooling capacity ( cool ) declines. However, the increase of power output compensates for the drop in the equivalent work of cooling capacity. This fact results in the slight increase of overall efficiency ( Figure 11 ). As shown in Figure 12 , LEC increases with increasing turbine inlet temperature monotonously. This fact implies that the lower inlet temperature results in better economic performance. Figure 13 shows that ( ) changes very slightly when the turbine inlet temperature is lower than 253 K. Figures 14 and 15 reveal that the power output and overall efficiency will benefit from increased ammonia mass fraction. Increasing the ammonia mass fraction will improve the thermodynamic performance of the combined cycle because the higher the ammonia concentration, the greater the ammonia vapor flow rate expanding in the turbine. However, if the ammonia mass fraction is too high, the pump power consumption will increase greatly because the ammonia liquid mixture at the outlet of the absorber (state 8) will change into the vaporliquid mixture. Figure 16 shows the effect of ammonia mass fraction on LEC. With the increase of ammonia mass fraction, LEC decreases initially and then increases. The higher the turbine inlet pressure, the smaller the optimal ammonia mass fraction. When the turbine inlet pressure is 17 bar, LEC reaches the minimum of 0.0716 USD/(kWh) with an ammonia mass fraction of 0.405. When the turbine inlet pressure is 17 bar, LEC reaches the minimum of 0.0713 USD/(kWh) with an ammonia mass fraction of 0.545. Figure 17 presents the variations of ( ) with ammonia mass fraction. ( ) decreases rapidly with increasing ammonia mass fraction.
Effect of Turbine Inlet Pressure. As shown in
Effect of Turbine Inlet Temperature.
Effect of Ammonia Mass Fraction.
System
Optimization. In this work, SA (Simulated Annealing) is employed to obtain the optimum combination of the key parameters. For the optimization, the constraints are simplified as follows: Subject to: 
The selection of the above-mentioned parameters for this optimization is according to the literatures [6, 9, 13] . Table 6 shows some results of the closed Brayton cycle. To compare the thermodynamic and economic performances of the combined cycle with those of the closed Brayton cycle, three parameters are defined as follows: Table 7 lists the result of the parameters for the optimization. The optimized power output and overall efficiency for the combined cycle are 283.56 MW and 47.91%, respectively. These values are 2.41% and 2.43% higher than those of the closed Brayton cycle, respectively. Both the lower average heat addition temperature and the higher back pressure of turbine in AWM cycle result in less power output and lower overall efficiency of the combined cycle.
Comparing with closed Brayton cycle, the combined cycle reduces the LEC slightly. The optimized LEC of combined cycle is 0.73% lower than that of the closed Brayton cycle. The reason is that the AWM utilizes the waste heat and adds the power output and the cooling capacity to the closed Brayton cycle. However, the total capital investment increases due to the combined AWM system.
Conclusions
In this paper, a combined cycle, which combines AWM cycle and a nuclear closed Brayton cycle to recover the waste heat rejected from the precooler, is proposed. A detailed parametric study and optimization are carried out for this combined cycle according to the thermodynamics and economics performances. The combined cycle can potentially be used to improve the power output and overall efficiency. The power output and overall efficiency of the combined cycle increase with increasing turbine inlet temperature and ammonia mass fraction, but the turbine inlet temperature and the ammonia mass fraction are limited by the heat source temperature and the absorb pressure, respectively. Compared with the closed Brayton cycle, the optimized power output and overall efficiency increase by 2.41% and 2.43%, respectively. LEC increases with decreasing absorber pressure and turbine inlet temperature. The optimized LEC of the combined cycle is 0.0706 USD/(kWh), which is 0.73% lower than those of the closed Brayton cycle.
